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ABSTRACT

Author: Pineda Galvan, Yuliana. MS
Institution: Purdue University
Degree Received: May 2018
Title: In Situ Spectroscopic Characterization of Surface-Isolated Water Oxidation Catalysts
Major Professor: Yulia Pushkar
Green plants convert sunlight into chemical energy in the process of photosynthesis. Key step of
this process is water oxidation, which generates four protons, four electrons and dioxygen, and it
requires a catalyst. Replicating this process would enable widespread use of solar energy.
Ruthenium-based complexes were the first artificial water oxidation catalyst discovered. They
have been extensively studied in solution under water oxidation conditions modeled by chemical
oxidation. However, chemical oxidation requires extremely oxidizing conditions and may lead to
catalyst degradation. Practical applications of ruthenium catalysts for water oxidation require more
controlled conditions via isolation of a studied catalyst on an electrode surface.
In this work, two catalytic systems have been studied by in situ X-ray absorption and Electron
Paramagnetic Resonance spectroscopic methods. The first system is a single-site catalyst
incorporated into a metal-organic framework, which is deposited onto electrode surface as a thin
film. The effect of the sample preparation on the catalytic behavior in the water oxidation process
was studied.
The second system of studies is a ruthenium catalyst that was proposed to function via an unusual
7-coordinate intermediate. This intermediate was impossible to detect in solution due to its high
reactivity. In this work, the catalyst anchored to an electrode surface was studied using
spectroscopic techniques, which allowed to detect and characterize this intermediate.
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INTRODUCTION

Solar Energy
As world’s population and economy grows, so does the energy demand. In fact, it is expected to
reach 30 TW by 2050[1]. The majority (90%) of energy comes from non-renewable sources such
as fossil fuels. These sources will not be able to fulfill energy demand forever. Furthermore, byproducts of fossil fuels have adverse effects on the atmosphere (such as “greenhouse effect”).
Renewable energy sources should be incorporated on larger industrial scales to avoid energy crisis.
Nowadays, only small-scale applications of renewable energy (including wind, Sun, biomass,
geothermal sources) are implemented.
Artificial Photosynthesis
Sun is the most abundant energy source in the world. Every hour Sun delivers more energy to the
Earth than the humanity consumes in one year[2]. Green plants can harvest solar energy with high
efficiency in the process of photosynthesis and converting it oxygen and carbohydrates, of which
the last ones serve the role of “fuel” for other organisms. This inspires scientists and engineers to
replicate this process in a man-made system based on artificial photosynthesis. Such processes are
designed to involve several key steps such as light harvesting, charge separation, electron transfer
and water oxidation. The latter step is crucial for the production of hydrogen, a product that may
be stored and used on demand producing energy. During the production of hydrogen, oxygen is
produced as a by-product. The overall chemical process is:
2H2O → O2 + H2
Alternatively, such chemical reaction of water oxidation can be carried out by electrochemical
splitting of water, i.e. electrolysis.
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Water oxidation consists of two half-reactions. These half-cell reactions are defined as proton
reduction (hydrogen evolution) and water oxidation depicted in Eq. II & III:
2 H+(aq) + 2e− → H2(g)
H2O(l) → O2(g) + 4 H+(aq) + 4e
While hydrogen evolution can be easily achieved thermodynamically, oxygen evolution is
considered the major bottleneck in the whole water oxidation process. This reaction has very slow
kinetics and is thermodynamically demanding (requires 1.23V at pH=0), since it requires the
transfer of four protons coupled with the transfer of four electrons. Therefore, a catalyst is needed
to lower the activation energy barrier in order to achieve water oxidation at reasonable rate and
overpotential.
Water Oxidation Catalysts
In natural photosynthesis, oxygen-evolving complex of Photosystem II, which contains four
manganese atoms (Mn4CaO5), serves the role of a catalyst for water oxidation. Many synthetic
catalysts for water oxidation have been created. These catalysts are usually metallorganic
complexes of transition metals[3]. Most of them are based on ruthenium, iridium and manganese
transition metal ions[4]. Multiple attempts have been made to use more naturally abundant firstrow 3d transition metals as alternatives to rare-earth ruthenium and iridium[5]. However,
ruthenium-based water oxidation catalysts are the most studied systems due to their stability. The
results obtained for ruthenium catalysts can potentially be applied to develop catalysts based on
other transition metals.
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Ruthenium-based water oxidation catalysts
Molecular Ru-based water oxidation catalysts (WOC) are known since 1980’s when catalytic
activity of “blue dimer” (cis,cis[(bpy)2(H2O)RuIIIORuIII(OH2)(bpy)2]4+) was discovered[6]. It was
the first synthetic water oxidation catalyst. During the next two decades, only a few promising
multi-metal ruthenium or manganese complexes were synthesized. It had been presumed for a
considerable time that multiple metal centers are required for water oxidation,[7] until the first
single-site Ru-based WOCs were discovered in 2005[8], [9]. Due to their simplicity and easier
synthesis compared to multi-site complexes, hundreds of new single-site complexes have been
reported. The attempts to create efficient and durable catalysts suitable for large-scale applications
have never seized since then.
Molecular single-site complexes
Most of the known Ru-based WOC are 6-coordinate metallorganic complexes containing several
polypyridyl ligands. Usually the ligands are neutral, while some catalysts comprised of negatively
charged backbone ligand. Many complexes are designed to contain either water or halogen
coordinated to Ru center.
First Ru-based single site catalysts were reported by Thummel’s ([Ru(NPM)(pic) 2OH2]2+) ([8],
figure 1A) and Meyer’s groups ([Ru(tpy)(bpm)OH2]2+) ([9], figure 1B) (NPM=4-t-butyl-2,6di(1′,8′-naphthyrid-2′-yl)-pyridine;

pic=4-picoline,

tpy=2,2’:6’,2’’-terpyridine,

bpm=2,2-

bipyrimidine). Both complexes contain at least one neutral tridentate (i.e. it binds with three donor
atoms to the metal center) ligand and a water molecule coordinated to ruthenium. Sun and coworkers used negatively charged backbone ligand and obtained Ru(bda)(pic) 2, ( bda=2,2’bpy-6,6’dicarboxylic acid) (figure 1C). A modification of this complex with different axial ligand has
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produced one of the most active catalysts known up to date[10]. Slightly modified catalysts B and
C, immobilized on electrode surface or in a metal-organic framework, were studied in this work.

Figure 1: The first single-site ruthenium-based water oxidation catalysts discovered

After the initial discovery of these complexes, dozens of other catalysts were prepared by
modifying their ligand environment and characterized. The most important properties of catalyst
are rate (usually measured by rate of oxygen evolution upon oxidation of complex) and durability
(characterized by number of cycles before degradation). Some of these studies are briefly
summarized below.
Varying ligands. Thummel’s group have reported ~50 single site complexes with varying ligands
to study their effect on the catalytic properties. They can be divided in three major groups:
derivatives of [Ru(tpy)(bpy)OH2]2+, derivatives of [Ru(tpy)(pic)2OH2]2+ and complexes
containing tetradentate ligand[11], [12]. It was found that catalytically active complexes contain
tri- or tetradentate ligand and water molecule or chlorine ion coordinated to ruthenium. Sun’s
group has reported several complexes with negatively charged ligands. While it has improved the
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activity of the catalyst compared to complexes with neutral ligands, the stability was not affected
significantly[13], [14]. Some studies were aimed at increasing stability. Ru(bda)(pic) 2 deactivates
via axial ligand dissociation; therefore, other ligands were tested instead of 4-picoline.
Replacement of 4-picolines with isoquinolines resulted in 10-fold increase in the rate of oxygen
production and produced one of the most active water oxidation catalysts [10]. Computational
methods (DFT) were also employed to search for more stable catalysts [15].
Placing substituents on ligands. After establishing backbone structures of catalytic complexes,
their properties were tailored by placing various substituents at different sites of the ligands. Many
derivatives of Ru(tpy)(bpy)OH2 were reported, some of them demonstrating ~10 times higher rate
than the parent complex [16]–[18]. Ru(bda)-type complexes have also been modified by placing
halogen substituents onto axial ligands, which has indeed resulted in increased performance[19].
It was noted that there is almost reverse relationship between catalyst activity and stability: more
active catalysts are usually less stable[11].
Methods used to study water oxidation catalysts
Most studies on molecular water oxidation catalysts are performed by adding a sacrificial oxidant
with suitable redox potential to an aqueous solution of the catalyst. Most commonly used oxidant
is ammonium cerium nitrate, (NH4)2[Ce(NO3)6] abbreviated “CAN”, with a redox potential of
+1.7V vs NHE. When added to the solution with catalyst, this reagent leads to a single-electron
oxidation of the catalyst. Such process models a light-induced removal of an electron from water
oxidation catalyst in photocatalytic system:
4CeIV + 2H2O → 4CeIII + O2 + 4H+
The use of CAN to model water oxidation has become a golden standard, which allows to compare
results obtained on different systems by different research groups. Unfortunately, the use of CAN
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as a chemical oxidant has several drawbacks. The most critical one is that it requires extremely
acidic conditions (pH<1), which often leads to catalyst degradation. Moreover, such conditions
are unrealistic since the practical applications will require utilization of nearly neutral solutions
(pH~7) in the industrial settings.
Alternatively, electrochemical methods can be used to maintain water oxidation conditions. Both
methods, chemical and electrochemical, were used in this work. The later method requires
assembling the catalyst on a conducting electrode surface, which is further used in water
electrolysis. Typically, it is achieved by covalent attachment of a catalyst to the surface via
carboxylate (-COO-) or phosphonate (-PO32-) groups that are incorporated into one of the organic
ligands of the catalytic complex. Figure 2 shows examples of such complex, which were studied
in this work.

Figure 2: Examples of molecular catalysts containing functional groups used to immobilize
them.
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METHODOLOGY

In this work, Ru-based water oxidation catalysts immobilized on electrode surfaces or within
metal-organic frameworks were characterized in situ by X-ray absorption spectroscopy (XAS) and
Electron paramagnetic resonance (EPR) spectroscopy. Combined, these techniques provided
information about oxidation state and environment of the ruthenium center during water oxidation.
Sample preparation
Electrolysis
Catalyst-modified electrodes were received from our collaborators. Electrode was a glass slide
~1x2cm coated with conducting layer of fluorine- or indium-doped tin oxide (FTO or ITO),
commonly used in photoelectrochemical devices. Electrolyte for the cell was prepared using
ultrapure Ultrapure (Type 1) water (resistivity 18.2 MΩ.cm at 25°C, TOC 4 μg/L) and
commercially available chemicals.

Figure 3: 3-electrode electrochemical cell used for in situ experiments
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Water electrolysis was performed in an electrochemical cell (figure 3), filled with electrolyte
(different for each experiment). An electrochemical cell is a device which facilitates chemical
reactions by applying electrical potential. A typical electrochemical cell consists of two electrodes
(anode and cathode) and an electrolyte. An electrode is the surface at which dissolved molecules
may pick up or lose electron(s). An electrolyte provides ion concentration which is required for
the electrical conductivity of the solution between the two electrodes. However, in a cell used for
electroanalytical measurements there are always three electrodes due to the difficulties arising
from the simultaneous measurement of current and potential. These electrodes are:
1.

Working electrode. For homogeneous reaction electrodes from highly conductive and inert
materials such as Pt, Au, or glassy carbon are used. In this work, however, working
electrode was the sample deposited on glass coated with tin oxide layer. This is the
electrode at which the electrochemical reaction takes place.

2.

Counter (auxiliary) electrode. It serves as a source or sink for electrons so that current can
pass from the external circuit through the cell. In general, Pt wire is used as a counter
electrode, and neither true potential nor current is measured for this electrode.

3.

Reference electrode. This is the electrode with a constant and known potential taken as the
reference standard. The potential of the working electrode is measured relative to the
potential of the reference electrode. The Normal (standard) Hydrogen Electrode (NHE) is
a redox electrode which sets up the thermodynamic scale of oxidation-reduction potentials.
It is based on the following redox half-reaction: 2H+(aq) + 2e-  H2(g). Its absolute
electrode potential is estimated to be 4.44 ± 0.02 V at 25 °C, but to form a basis for
comparison with all other electrode reactions, hydrogen's standard electrode potential (Eo)
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is assigned to be zero volts at all temperatures. Potentials of any other electrodes are
compared with that of the standard hydrogen electrode at the same temperature. In this
work silver-silver chloride electrode (Ag/AgCl, 3M NaCl, Eo = 0.197 vs NHE) was used.

X-ray Absorption Spectroscopy
X-ray absorption spectroscopy (XAS) is a versatile technique for studying local structure around
selected element within a material. It can be applied to materials with no long-range translational
order such as amorphous solids, liquids, proteins, thin films. Sensitivity to particular element and
no need for long-range order make XAS very useful for in situ and ex situ studies of metal-based
catalysts, as catalytic reactions take place in solution and reactive intermediates usually cannot be
crystallized.
Origin and description of X-ray absorption spectra
As many other spectroscopic techniques, XAS is based on absorption of electromagnetic waves
by sample. Absorption of X-rays in material generally decreases with photon energy
(approximately as 1/E3), however at certain element-specific energies there are sudden “jumps” in
absorption called absorption edges. They are caused by release of an electron from low-level bound
states in atoms to continuum, which creates a hole at the core level. It lives for ~10 -15s before it
decays, and an X-ray photon is released. There are 2 major decay processes: Auger (resulting xray photon excites another electron) and fluorescence (the photon is released as radiation). Auger
process is dominant for light elements, while fluorescence is the major process for heavy elements.
Fluorescence is most commonly used to detect X-ray absorption.
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Figure 4: regions of X-ray absorption spectrum
An absorption edge has fine structure is a great source of information about atom and its
surroundings. It has several regions (figure 4:
1) Pre-edge: part of the spectrum that covers ~30eV before the absorption edge.
2) X-ray absorption near-edge structure (XANES): ~50eV around the absorption edge
3) Extended X-ray absorption fine structure (EXAFS): ~1000eV past the absorption edge
Pre-edge and XANES regions
Pre-edge region sometimes contains features caused by transition of core electron (1s for K-edge
spectrum) to a higher vacant orbital. Many such transitions are prohibited by dipole selection rules
(Δl=±1, Δj=±1, Δs=0). However, in transition metal complexes such transitions often become
possible due to mixing of orbitals (typically p and d). Since the degree of orbital mixing strongly
depends on the symmetry around the metal center, pre-edge features can reveal information about
symmetry of the complex.
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Position of the edge strongly depends on the oxidation state of the absorbing atom. In an oxidized
atom (with several electrons removed) core electron is more tightly bound compared to a neutral
atom. Therefore, the edge is shifting towards higher energies upon oxidation. By measuring
absorption spectrum of a compound and comparing position of the edge to known standards it is
possible to determine the average oxidation state in the sample. Figure 5 demonstrates XANES
spectra of Ru complexes with different oxidation states obtained in the course of this work.

Figure 5: Examples of XANES spectra of ruthenium complexes in various oxidation states
The shape of the edge also varies between different compounds and can be used as a “fingerprint”
of a complex. Unfortunately, there are no quantitative ways to describe XANES region due to
complex scattering processes at low energies. EXAFS region, on the other hand, can be analyzed
quantitatively.
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EXAFS region
Extended absorption fine structure is caused by the scattering of ejected electron from neighboring
atoms. Photoelectron wave from the absorbing atom will interfere with scattered wave from other
atoms causing variations in X-ray absorption. They are dependent on the number of neighboring
atoms, their positions, atomic numbers and thermal motions. Analyzing oscillations in X-ray
absorption spectrum reveals quantitative information about the surroundings of the absorbing
atom, i.e. coordination numbers and interatomic distances (detailed description of such analysis is
provided below).
Typically, EXAFS spectra are presented in so-called k- or R-space form. To transform spectrum
to k-space, extended part of the absorption spectrum is converted from electron-volts to
wavenumbers (figure x). Usually spectrum is weighted by a factor of k to enhance oscillations in
high-k region. Fourier transform of spectrum in k-space will give R-space. Each peak in Fouriertransformed EXAFS corresponds to a coordination sphere (usually only first and second peaks are
analyzed).
Synchrotron-based X-ray absorption experiment
X-ray absorption experiments require an X-ray beam of high brilliance (i.e. highly collimated, with
high number of photons of given wavelength and small cross-sectional area), which cannot be
generated by conventional sources like X-ray tube. Development of X-ray techniques became
possible with development of synchrotron sources, which can generate extremely intense and
focused X-ray beam. All experiments in this work were performed at Advanced Photon Source
(Argonne National Laboratory).
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X-ray generation
Schematic layout of a synchrotron is shown on Figure 6. Radiation is produced by beam of
electrons moving in a storage ring at relativistic speed. Unlike radiation from non-relativistic
moving charge, which is spread in all directions, this beam produces a highly collimated X-ray
beam.

Figure 6: general scheme of a synchrotron-based experiment
Electrons change their direction in a strong magnetic field produced by bending magnet (BM).
Sometimes insertion devices (ID), such as undulators and wigglers, are used to further enhance the
brilliance of the X-ray beam. In an undulator, electron beam passes through a series of magnets
with varied polarity. It causes it to move in an oscillating trajectory, generating X-rays every time
its velocity is changed.
Then X-ray beam passes through an aperture which controls the size of the beam. Since the beam
is polychromatic, it is passed through monochromator. X-ray monochromator is a diffraction
grating that reflects X-rays of different energies at different angles, according to Bragg’s law.
Energy can be selected by changing the angle of the monochromator. Two gratings are usually
used to make the diffracted beam parallel to the initial one.
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Measuring X-ray absorption spectra
There are several ways to measure the absorption of X-rays:
1) Transmission is the simplest method of detecting X-ray absorption. It is measured by It ion
chamber. It requires thin and homogeneous sample and is suitable for metal foils or
powders, however it cannot be used for liquid samples.
2) Fluorescence yield measures fluorescence that results from the decay of core hole. It
assumes that the amount of fluorescence is directly proportional to the absorption crosssection. Sample has to be dilute, otherwise the spectral shape is modified, and the highest
peaks will appear compressed. This is known as self-absorption. Otherwise, this method
works for both solid and liquid samples and is most commonly used in XAS experiments.
3) Electron yield. In this mode, electrons emitted from the sample are detected (instead of Xray photons). This method was not used in this work.
In this work, samples had extremely low content of ruthenium complexes. Recording of XANES
spectra is easy even from very dilute samples. Each scan takes about five minutes since it records
only near-edge region. However, collecting EXAFS spectra is challenging for low concentration
sample. Oscillations are very small in the extended regions, and getting Fourier transform with
low noise requires multiple scans (each is about 30 minutes).
The intensity of X-ray beam can be measured in several ways, using ion chambers, photoelectron
multipliers, semiconductor detectors and others. At 20BM beamline, where experiments were
performed, several ion chambers are used. They are filled with an appropriate gas mixture suitable
for the energy range measured (nitrogen/argon mixture is used for Ru K-edge energy). One
chamber is placed before the sample to measure the intensity of incident beam (I0); another one is
placed after the sample to measure the intensity of the transmitted X-ray (It). Right after It ion
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chamber, a standard sample is placed (Ru foil in this case). X-ray beam passes through the standard
foil and its intensity is once again measured by 3rd ion chamber (Iref). Its purpose is to record the
spectrum of standard with each measurement to ensure proper energy calibration.

Fluorescence measurements from X-ray irradiation
To measure fluorescence from the sample, its surface should be oriented at 45˚ angle relative to
the incident X-ray beam. The maximum intensity of fluorescent radiation is observed at 45 ˚
relative to the sample surface. The geometry of fluorescent X-ray detection is shown on figure xx.
Fluorescent radiation will consist of multiple energies and will contain scattered X-ray radiation.
Therefore, energy-dispersive detector should be used. Experiments in this work used 13-element
Germanium detector.
Data processing and analysis

Processing and Fourier Transformation of X-ray absorption spectra
First, XAS data were processed using Athena software[20]. Typically, multiple spectra (2-20) were
measured for each sample and added together before processing. Next, data were backgroundcorrected by fitting pre-edge and EXAFS tail and deglitched if necessary. Spectra were normalized
so that absorption in the extended region equals to 1. For EXAFS analysis and fitting, data were
converted to wave vector space (k-space) and weighted by k3. k-space data were truncated near
zero crossings before Fourier transformation. Energy was calibrated using the spectrum of Ru
metal foil, measured with each scan.
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Fitting of Fourier-Transformed EXAFS spectra. EXAFS equation
The EXAFS equation is given by:
ଶோ
1 ଶ
𝑁 ିଶఙమ  మ ିఒ()
|𝑓 (𝑘)|sin(2𝑘𝑅 + 𝜙 (𝑘))
𝜒(𝑘) = 𝑆  ଶ 𝑒
𝑒
𝑘
𝑅

Here k is the wavenumber, Ni is the number of atoms in the ith shell at a distance Ri from the central
atom, σ is Debye-Waller factor that accounts for thermal fluctuations of distances; λ(k) is mean
free path of photoelectrons, S0 is average amplitude reduction factor. Sinusoidal term accounts for
oscillations in the EXAFS spectrum.

Artemis software was used for fitting of Fourier-transformed spectra. First, the first peak
corresponding to the first coordination sphere was isolated and fitted; next, other peaks were added
and fitted together. Curve fitting was done using ab initio calculated phases and amplitudes from
the FEFF8 code. These amplitudes and phases were used in EXAFS equation, which was used to
fit the experimental Fourier isolated data (q-space) and Fourier transformed data (R-space) using
N, R, E0 and σ2 as variable parameters. S02 was set to be equal 1. Quality of fit was evaluated by
R-factor (less than 2% denotes that fit is good enough) and reduced χ2 value (used to compare fits
as more backscatters are included. Smaller χ2 value implies a better fit).
Electron Paramagnetic Resonance
Electron paramagnetic resonance (EPR) is an extremely useful technique to study materials with
unpaired electrons. It is based on Zeeman effect, i.e. splitting of energy levels in external magnetic
field. Resonance absorption occurs due to the transitions between these levels. Since EPR requires
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unpaired electron(s) to be present, the main scope of EPR technique includes transition metals,
organic free radicals and triplet state systems.
Basics equation of EPR spectroscopy
When an electron is placed in magnetic field, its intrinsic magnetic moment may be parallel or
antiparallel to it. Due to Zeeman effect, there is an energy difference ΔU between these two states.
Energy of an electron in magnetic field is: U=μ·Bext , where μ= ge·S=ms·ge·μB is magnetic dipole
moment. (here 𝜇 =

ℏ
ଶ

, is Bohr’s magneton, ms=±1/2 is a spin quantum number, and ge is

electron’s g-factor (for free electron, g≈2)).
Therefore, energy separation between Zeeman levels for unpaired free electron in magnetic field
is ΔU=Bext·(μ+1/2-μ-1/2) =Bext·ge·μB. For the absorption to occur, this energy difference has to match
the energy of the incoming photon:
ℎ𝜈 = 𝐵௫௧ ∙ 𝑔 ∙ 𝜇
When an electron is placed inside an atom or molecule, it also possesses some orbital angular
momentum. Due to spin-orbit interaction its magnetic moment changes:
μ=ge S + spin-orbit coupling
Assuming the spin-orbit coupling term is proportional to S, both terms can be combined:
μ=gS=ms·g·μB, where g is now different from free electron g-factor and depends on the magnitude
of spin-orbit coupling.
Equation (1) can be rewritten for the electron in an atom:
𝑔=

ℎ𝜈
.
𝜇 𝐵௫௧

This is the basic equation of EPR spectroscopy. Energy of the photons that may cause transition
between Zeeman levels corresponds to microwave region.
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Also, there is a requirement on the orientation of the magnetic field. Conservational of angular
momentum imposes a selection rule: |ΔMS|=1. This is satisfied if oscillating magnetic field in the
microwave is perpendicular to the static magnetic field, B ext.
Anisotropy of g-factor
Among other factors, spin-orbit coupling (which makes g-factor deviate from its free electron
value) depends on the orientation of the molecule, which makes g-factor a tensor. However, it is
not necessary to perform EPR measurements in all possible direction to obtain its values.
Usually sample is either a powder or a solution that contains randomly oriented
particles/molecules. Each molecule has a set of axis called principal axis. g-factors measured with
external magnetic field is aligned with one of them are called principal g-factors and are labeled
gx, gy and gz respectively. It turns out that only the knowledge of these g-factors along with the
principal axis is required to fully characterize anisotropic system. Furthermore, all three g-factors
can be obtained from one measurement since only magnetic moments perpendicular to oscillating
magnetic field (or aligned with Bext ) are detected. Let us consider cases of different symmetries.
1. Isotropic. Such ion will have the same value of magnetic moment in all directions: μ x= μy=
μz. In an external field all molecules regardless of their orientation will have the same value
of magnetic moment in the direction of Bext. Therefore, the resonance will occur at a single
value of magnetic field, there will be one absorption line and one value of g (figure 7A)
2. Axial. Now, magnetic moment along z axis is large: μx= μy<μz. If principal z axis is parallel
to external magnetic field, the difference between Zeeman levels will be ΔU z=2 μzBz and
resonance absorption will occur at Bz value of external magnetic field. Similarly, if external
magnetic field is in x-y plane of the molecule, ΔU x,y=2 μx,yBx,y. Resonance occurs at Bx,y
(larger than Bz). All randomly oriented molecules in the sample will give multiple
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resonances at values of external field ranging from Bz to Bx,y. Combined, they will produce
a spectrum similar to figure xB with turning points corresponding to g z and gx,y (figure 7B)
3. Rhombic. This is the most general case and the only difference from axial is that all three
values of magnetic moment and hence g-factors are different (figure 7C).

Figure 7: EPR spectra corresponding to different symmetries around an unpaired electron[21]

Quantum description of EPR
Full quantum description of EPR is very complex; thus, a simplified form of Hamiltonian is used
in the Schrodinger equation. It is called spin Hamiltonian and is only valid for description of
ground electronic state plus magnetic interaction Hamiltonian for an unpaired electron in external
magnetic field can be written as the sum of Zeeman Hamiltonian and spin-orbit interaction term:

=𝐻
௭ + 𝐻
ௌை = 𝜇 𝑩் ∙ ൫𝑳 + 𝑔 
𝐻
𝑺൯ + 𝜆𝑳் ∙ 𝑺
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where 𝐿 is the total electronic orbital angular momentum operator for the ground state and λ is
spin-orbit coupling parameter. The energy of a state with wave function Ψ and spin state Ms to the
first order is:
(ଵ)
𝑈ஏ = ൻΨ, 𝑀௦ ห𝑔 𝜇 𝐵௭ 𝑆መ௭ หΨ, 𝑀௦ ൿ + ൻΨ, 𝑀௦ ห(𝜇 𝐵௭ + 𝜆𝑆መ௭ )𝐿 ௭ หΨ, 𝑀௦ ൿ

The first term represents Zeeman energy, and the second term is zero for an orbitally nondegenerate state (since ൻΨห𝐿௭ หΨൿ = 0). Thus, we need to use the second order correction:

(𝐻)ெೄ ,ெ ᇲ = − 

்
ቚർΨ, 𝑀௦ ቚ൫𝜇 𝐵 + 𝜆𝑆መ൯ ∙ 𝐿 + 𝑔 𝜇 𝐵் ∙ 𝑆መቚ𝑛, 𝑀ௌᇲ ቚ
()

()

ೄ

ଶ

𝑈 − 𝑈ஏ

ஷஏ

It can be written as:
(𝐻)ெೄ ,ெ ᇲ = ൻ𝑀௦ ห𝜇ଶ 𝐵 ் ∙ Λ ∙ 𝐵 + 2𝜆𝜇 𝐵 ் ∙ Λ ∙ 𝑆መ + 𝜆ଶ 𝑆 ் ∙ Λ ∙ 𝑆ห𝑀ௌᇲ ൿ
ೄ

Where matrix Λ is:
Λ  = − 
ஷஏ

ൻΨห𝐿 ห𝑛ൿൻ𝑛ห𝐿 หΨൿ
()

()

𝑈 − 𝑈ஏ

The first term is constant and can be ignored. All others combined with the Zeeman term 𝑔 𝜇 𝐵௭ 𝑆መ௭
produce the spin Hamiltonian:
 = 𝜇 𝐵 ் ∙ 𝑔 ∙ 𝑆መ + 𝑆መ ் ∙ 𝐷 ∙ 𝑆መ
𝐻
where g=geI+2λΛ (I is unit matrix) and D=λ2Λ is electronic quadrupole matrix, which should be
considered if the spin is greater than ½. 4d-metal complexes (including ruthenium, studied in this
work), are usually low-spin complexes with S=1/2.
So, g-matrix can be calculated if Λ-matrix that characterizes contributions of the orbital angular
momentum is known. The spin Hamiltonian may include additional terms, for example hyperfine
and nuclear interactions.
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Measurements of EPR spectra
EPR spectra may be measured in 2 ways: by keeping external field constant and varying
microwave frequency, or by keeping microwave frequency constant and sweeping magnetic field.
The latter approach is used in EPR experiments, which is different from other spectroscopic
techniques (usually frequency of radiation is varied). Otherwise, EPR spectrometer is similar to
other spectrometers: it has source of radiation, sample and detector. Sample is located in a
microwave cavity. At resonance, the standing waves are formed, and cavity stores the maximum
microwave energy.
EPR spectrum might also be affected by collective behavior of all spins in the sample. There are
saturation effects that may lead to line broadening and make EPR interpretation impossible.
Energy from the source is transferred from the microwaves to the spin system, which in turn is
transferred to spin surroundings (or “lattice”). This transition takes time, which varies between
samples. It is characterized by spin-lattice relaxation time, τ. System is saturated when the rate of
upward and of downward transitions in equalized. If upper energy level has higher occupancy, no
signal is observed. This can happen if relaxation time is long, the microwave power is high, and
temperature of the sample is low. On the other hand, short relaxation time, typical for transition
metal samples, will also make observing EPR impossible. Therefore, usually spectra of transition
metals have to be collected at very low temperatures. In this work, measurements were performed
at liquid-helium temperatures (~20K) and typically maximum microwave power (31mW).
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CATALYST INCORPORATED INTO METAL-ORGANIC FRAMEWORK

As discussed previously, homogeneous WOCs are subjected to bimolecular reactions which
typically lead to catalyst degradation. There are several approaches that allow to avoid such
undesired processes. For example, an individual molecule of a catalyst can be placed inside of a
porous material, such as zeolite or metal-organic framework (MOF). Zeolites, for instance, were
used to isolate [Ru(bpy)3]2+ molecules and study single-molecule reaction pathways with EPR and
Raman spectroscopy[22]. Alternatively, molecules of a catalyst can be anchored to an electrode
surface. Such system is described in the next section. This section presents results of a
spectroscopic examination of one of the most extensively studied Ru-based catalysts,
[Ru(tpy)(bpy)OH2]2+, incorporated into a metal-organic framework.
Overview
Metal-organic framework (MOF) consists of metal clusters connected by organic linkers. They are
stable, porous, and highly tunable systems that can accommodate a large number of catalysts.
Furthermore, they potentially can be used as a matrix that contains all components of artificial
photosynthetic system (like cell membrane that contains all components in natural photosynthesis).
An important consideration for electrocatalytic MOFs is their charge-transport behavior. Efficient
migration of electrons and protons throughout the framework is crucial for high catalytic activity.
There are two possibilities for the origin of the observed catalytic activity and electron transfer
within MOF.. In first consideration, the redox-active centers located near the electrode surface
undergo the reversible redox processes, whereas the bulk of the Ru-MOF remains unchanged.
Alternatively, the charge could hop between the electroactive sites and, thus, propagate deeper into
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the Ru-MOF thin film and generate diffusion-controlled current, as was observed in a previous
study[23].
In this work, [Ru(dcbpy)(tpy)OH2]2+ catalyst incorporated into UiO-67 MOF (“Ru-MOF”) is
investigated (Figure 8). First, powdered Ru-MOF solid samples were studied by employing
EXAFS spectroscopy. The goal of these studies is compare the structure of the incorporated
catalyst to the structure of molecular [Ru(bpy)(tpy)OH2]2+ . Also, the dependences of the catalytic
properties upon the size of the MOF particles, as well as the amount of catalyst molecules (Ru
load) were investigated using XANES spectroscopy.

Figure 8: A) structure of molecular complex B) structure of zinc oxide node C) overall structure
of Ru(tpy)(bpy)OH2 incorporated into UiO-67 metal-organic framework

To enhance charge transfer process and avoid the use of sacrificial oxidants (such as CAN), thin
film containing Ru-MOF was placed on a conducting surface of the fluorine-doped tin oxide
electrode (FTO). Such electrodes were analyzed in situ using XANES technique.
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Properties of Ru-MOF powdered solids
The goal of this study is to investigate the effect of sample preparation on catalytic properties of
the Ru-MOF system. First, two samples were compared: one is Ru-MOF as synthesized, the
second is same sample soaked in water. The reason for water treatment is for removing Cl - ions
from the system. These excess of chloride ions is due to the large amount of zinc chloride used
during synthesis of the framework. Previous studies on the molecular Ru(tpy)(bpy)OH 2 catalyst
have demonstrated that the presence of Cl- ions leads to the formation of Ru(tpy)(bpy)Cl, which
is not catalytically active[24], [25]. The coordination of chloride to ruthenium instead of aqua
ligand is possible in this system (figure 9) and may affect its catalytic abilities. Therefore, it is
important to verify that the majority of ruthenium centers have aqua ligand.

Figure 9: While the presence of [Ru(dcbpy)(tpy)OH2]2+ is expected in the Ru-MOF samples,
[Ru(dcbpy)(tpy)Cl]+ may also be present

Next, by varying preparation conditions two sets of samples were obtained: one with varying
crystalline size, and another with varying catalyst load (i.e. amount of catalyst molecules per mg
of MOF).
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List of samples studied:
0. Removing Cla. Synthesized Ru-MOF was soaked in water for 3 days (“V1”)
b. Synthesized Ru-MOF as is (“V2”)
1. Varying size
a. 500nm (“SD1”)
b. 1000nm (“SD2”)
c. 2000nm (“SD3”)
2. Varying Ru content
a. 10-9mol/mg (“LD1”)
b. 10-8mol/mg (“LD1”)
c. 10-7mol/mg (“LD1”)

To study the samples under water oxidation conditions, samples were incubated in 400 mM
solution of cerium ammonium nitrate (CAN) in 0.1M nitric acid (pH=1). After 30 minutes to 2
hours the suspension was placed in a sample holder for XAS measurements and frozen in liquid
nitrogen. XANES spectroscopy was used to determine average oxidation state of the sample. It
was expected to observe the spectroscopic features of Ru IV, since these species have been
previously reported as an intermediate while trapped in the MOF nanostructures.
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X-ray absorption results
Characterization of untreated vs water-soaked Ru-MOF powders
EXAFS technique is sensitive to the environment of absorbing atom and can distinguish
neighboring atoms if their masses are significantly different. It has been previously applied to
molecular catalysts to distinguish between Ru-OH2 and Ru-Cl species. Figure 10 shows Fouriertransformed EXAFS spectra obtained from both samples, as well as spectrum obtained from a
similar catalyst dissolved in water. The most significant change is the decrease at ~2.1A peak
which is not present in molecular catalyst but demonstrates significant intensity in just synthesized
Ru-MOF sample. In the previous EXAFS studies of molecular catalysts, this peak was assigned to
Ru-Cl scatter.

Figure 10: FT EXAFS spectra of Ru-MOF powdered samples compared to molecular complex
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EXAFS spectrum collected for V2 powder was fit using models for molecular [Ru(tpy)(bpy)Cl] +
and [Ru(tpy)(bpy)OH2]2+ . The results are summarized in Table 1.

Table 1: EXAFS fits for Ru-MOF powder soaked in water. N is coordination number, R is the
distance between ruthenium center and scattering atom, σ 2 is the Debye-Waller factor.
k=3.8-11.9 (Å-1)
Fit#

N x shell

R, Å

σ2 · 103

R-factor

Reduced χ2

1st peak; R=1.25-1.8Å
1

6xRu-N

2.03

7.3

0.0020

5631

2

6xRu-N

2.07

7.1

0.0009

2705

1xRu-Cl

2.50

7.0

6xRu-N

2.07

7.3

0.0007

2127

0.6xRu-Cl

2.48

1.5

6xRu-N

2.07

7.5

0.0006

1854

0.5xRu-Cl

2.47

0.6

6xRu-N

2.05

6.0

0.0263

4420

0.5xRu-Cl

2.39

1.4

10xRu-C

2.99

11.3

6xRu-N

2.07

7.6

0.0073

1976

0.5xRu-Cl

2.41

2.8

6xRu-C

2.98

2.2

4xRu-C

3.16

6xRu-N

2.06

7.1

0.0064

1633

0.5xRu-Cl

2.41

2.6

4xRu-C

3.15

2.5

6xRu-C

2.97

3
4

Full spectrum, R=1.25-3.05Å
5

6

7
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Figure 11 shows the best-fit result, corresponding to a mixture of [Ru(tpy)(bpy)Cl] + and
[Ru(tpy)(bpy)OH2]2+ species. Therefore, EXAFS spectrum of soaked powder is consistent with
some of the Ru centers having Cl- coordinated donors instead of aqua ligation.

Figure 11: FT EXAFS of Ru-MOF V2 sample and the best-fit curve (fit 7)

Characterization of samples with varying size and sample loading under oxidative conditions
All following samples were soaked in water for several days prior to measurements to minimize
the Cl- content. XANES spectroscopy was used to determine average oxidation state of Ru centers
in the sample.
Figure 12 shows XANES spectra obtained from samples with the lowest and highest catalyst
loading. RuII and RuIV spectra are shown for reference purposes. The edge position for both
samples indicates a Ru II/RuIII mixture.
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Figure 12: XANES spectra from different loading samples

Variation of the particle size demonstrates a more significant effect on the distribution of the Ru
oxidation states, resulting in higher average oxidation state (figure x). Smaller particles (~500nm)
are more oxidized than larger particles (~2000nm). Thus, the ~500 nm particle are mostly
comprised of the catalyst in the Ru III oxidation state. Large particles contain a mixture of Ru II and
RuIII. None of the samples demonstrates complete oxidation to Ru IV species. Also, a prolonged
exposure to the oxidant does not lead to the higher yield of the oxidized species. Figure 13
demonstrates that oxidizing the sample for 30 minutes and for 2 hours results in a similar edge
position.

30

Figure 13: XANES spectra of the Ru-MOFs of different particle size (500 and 2000 nm),
exposed to oxidant for different times (30 minutes and 2 hours).

Discussion
EXAFS analysis demonstrates that in the synthesized UiO-67 MOF some ruthenium centers are
coordinated to the excessive amount of chloride anions remaining in the framework. , Such
composition compromises catalytic activity of the Ru-MOF sample. It has been previously shown
that RuIII-Cl species do not undergo further oxidation to Ru IV state due to the lack of protoncoupled electron transfer, and those species do not participate in the catalytic water oxidation. This
explains why the full oxidation of any of the Ru-MOF samples to the Ru IV species was never
reached.
Charge transfer is a challenge in MOF systems since they are not intrinsically conducting.
According to previous study[23], [26] the charge transfer in a non-conducting framework occurs
via electron hopping between the electroactive sites and propagating deeper into the Ru-MOF
particle. In this case, higher load of MOF with catalyst should result in a more efficient electron
transport. If electron transport is indeed limiting the catalytic performance, we would expect to see
a higher proportion of highly oxidized catalytically active Ru IV species in the highly Ru-loaded
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MOFs. However, two samples with 100 times difference in catalyst load demonstrate almost no
difference in the average oxidation state. This leads to conclusion that full oxidation is not reached
for reasons other than inefficient electron transfer.
A significant dependence of the average oxidation state on size of Ru-MOF particles may indicate
that catalytic centers located in the bulk of the particle are not accessible due the limited diffusion,
for instance. Varying percent of chloride may also play a major role. It might be more difficult to
remove Cl- anions from the MOF particles of a larger size, which therefore will result in higher
percentage of Ru-Cl species compared to the MOF particles of smaller size.
The downside of XANES technique is that it gives average oxidation state of all ruthenium atoms
in the sample. Therefore, it is not possible to tell exactly what species in what ratio are present. In
this case, it can be a mixture of RuII and RuIII, and RuIV in different proportions. Also, it is not
possible to say whether the oxidized species are located on the surface or in the bulk of the
particles.
Electrodes containing Ru-MOF thin films
As discussed previously, the use of sacrificial oxidants makes catalytic systems not usable for
practical applications. Depositing the catalyst on an electrode surface will allow to perform water
oxidation in a more controllable manner, since it is not limited by the redox potential and pH .
Also, an electrode with a catalyst deposited onto it is easier to use and re-use in artificial
photosynthetic systems. Here, a thin film containing Ru-MOF was deposited onto a glass electrode
coated with fluorine-doped tin oxide (FTO). This electrode was characterized in situ during the
catalytic process by using the XANES spectroscopy.
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Experimental details
Electrodes coated with Ru-MOF thin film were prepared and characterized by collaborators. Thin
film was created from the water-soaked “V2” powder that has also been characterized by EXAFS
(see previous section). This electrode was used as a working electrode in 3-electrode
electrochemical cell. It was filled with H2SO4/LiClO4 buffer, pH=3 and a constant potential of
1.8V vs NHE (normal hydrogen electrode) was applied. X-ray absorption spectra were recorded
from the surface of the electrode before and after applying potential. Due to extremely low
ruthenium content and scattering of X-rays from glass and electrolyte EXAFS analysis was not
feasible.
Results
Figure 14 shows XANES spectra obtained from the surface of the FTO/glass electrode. Prior to
application of potential, ruthenium atoms are in the Ru II state. Upon application of potential, Ru
centers in the thin film are quickly oxidized to Ru III state. After 10 minutes, the edge position is
consistent with the Ru II/RuIII mixture with the majority of Ru III present. After 50 minutes the edge
is positioned between the initial spectrum (Ru II) and spectrum obtained from a RuIV reference
sample. This indicates that most likely all ruthenium centers are in Ru III state. Longer electrolysis
times did not result in further edge shift towards Ru IV (data not shown).
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.
Figure 14: XANES spectra of powdered Ru-MOF sample (red), spectra obtained from the
electrode surface 10 (green) and 50 (blue) minutes of electrolysis. Ru IV=O is shown for reference

Discussion
In all experiments on Ru-MOFs, using chemical or electrochemical oxidation, no oxidation state
higher than RuIII has been observed. The sample with the optimal sample preparation conditions
(“V2”) behaves similarly upon oxidation with CAN and electrolysis at 1.8V vs NHE. In both cases,
an average oxidation state of Ru III was detected. Therefore, we conclude that when incorporated
into metal-organic framework, the Ru complex is not easily oxidized past Ru III state, while the
same complex in solution demonstrates fast oxidation to Ru IV [24].
While it is unclear why there is no full oxidation to Ru IV, some conclusions can be made. EXAFS
analysis of the powdered solid sample used to prepare the electrode reveals that some portion of
the catalytic sites contains chloride donor groups coordinated to Ru. This prevents the Ru sites
from participating in water oxidation. However, other sites with Ru-OH 2 fragments are capable of
oxidizing to RuIV state, and, therefore, the hypothetical average oxidation state should be about
3.5 in the oxidized sample.
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Since the same result is obtained when using CAN and electrochemical oxidation, it is unlikely
that diffusion of the oxidant to the metal centers plays a major role. Instead, it is more probable
that transport of either protons, electrons, or water molecules is limited inside a metal-organic
framework and thus limits its catalytic activity.
Future developments in this area will be focused on tuning of the Ru-MOF framework and
optimizing the size of the MOF pores, for instance. It aims to improve the efficiency of proton,
electrons, and water transport to the bulk of the Ru-MOF particles.
Conclusions
Upon incorporation into metal-organic framework, the structure of [Ru(dcbpy)(tpy)OH 2]2+
complex does not change much compared to a molecular catalyst. However, it behaves differently
from the molecular catalyst under water oxidation conditions. While molecular catalyst achieves
RuIV oxidation state, Ru-MOF sample have never been oxidized past Ru III regardless of sample
preparation conditions. The same result has been obtained for chemical and electrochemical
oxidation.
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MOLECULAR CATALYSTS ISOLATED ON ELECTRODE SURFACE

Ruthenium-based catalysts containing negatively charged bda (2,2’bpy-6,6’-dicarboxylic acid )
ligand are the most active water oxidation catalysts known to date [10]. Their turnover frequency
is comparable to the one of Photosystem II (a natural water oxidation catalyst). Unfortunately,
Ru(bda)(L2)-type catalysts with different axial ligands degrade fast in solution and are not suitable
for practical applications. It has been proposed that, unlike other single-site ruthenium complexes,
they form a 7-coordinate intermediate that makes the formation of a Ru V=O bond possible.
However, its in situ detection was not possible due to the fast dimer formation. Immobilization of
the complex on an electrode surface allowed to avoid catalyst degradation by dimer formation and
stabilize this intermediate. In this chapter, the Ru V=O intermediate was characterized by using Xray and EPR techniques.
Overview
Ru(bda)-type catalysts have been created in attempt to stabilize highly oxidized catalytic
intermediates by using negatively charged ligands were used instead of neutral ones. An example
of such ligand that gave the fastest catalyst is 2,2’bpy-6,6’-dicarboxylic acid. Since bda ligand has
a large OCO-Ru-OCO angle (~120°) (figure 15), it is possible for a water molecule to coordinate
to ruthenium center and form a [RuV=O(bda)(L)2]+ intermediate. Its existence has been indirectly
proven by isolation of a dimer with two 7-coordinate ruthenium centers[27]. However, a singlemolecule [RuV=O(bda)(L)2]+ has never been characterized in solution due to its high lability
towards the formation of dimers. Note that the formation of the Ru V=O intermediate has never
been observed in other complexes such as Ru(tpy)(bpy)OH2.
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Figure 15: Structures of A) Ru(bda)(isoq)2 complex , B) proposed 7-coordinate intermediate and
C) complex attached to ITO surface (“L”=isoquinoline)
Ru(bda)-type catalysts deactivate via the loss of axial ligands. There have been several studies of
these complexes with different axial ligands. In this work, the complex had isoquinolines as axial
ligands. To avoid dimerization of the complex and make spectroscopic characterization of singlesite intermediate possible, the complex was anchored to glass electrode coated with indium-tin
oxide. The goal of this study is to determine ruthenium coordination number and Ru=O bond
length in [RuV=O(bda)(isoq)2]+.
X-ray absorption spectroscopy studies
Experimental details
Electrodes containing [Ru(bda)(isoq)2]+ complex were prepared by our collaborators. To increase
the number of molecules on the electrode, glass was covered with thick (5 µm) porous layer of
conducting indium-doped tin oxide (ITO). Ru complexes were anchored to ITO via peripheral
phosphonate groups of modified bda ligand, providing a tight binding to the surface.
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First, the [Ru(bda)(isoq)2]+ complex on ITO electrode (“Ru-ITO”) was characterized by X-ray
spectroscopy outside of the electrochemical cell at room temperature.

The first and last scans

were compared to ensure the absence of X-ray induced damage, which usually results in oxidation
of the sample and shift of the absorption edge towards higher energies. (Figure 16). The K-edge
position indicates the presence of Ru II oxidation state of Ru in Ru-ITO electrode.

Figure 16: XANES scans obtained from the surface of Ru-ITO electrode in the beginning and in
the end of 5-hour measurement
In situ XANES characterization was performed at two pH values: pH=1 and pH=5. For pH=1,
0.1M HClO4 was used as electrolyte. A range of oxidizing potentials from 0.4 to 1.8V vs NHE was
applied. To examine the possibility of irreversible catalyst deactivation, a reducing potential of
0.1V was applied after oxidation. pH=5 measurements were performed using 0.1M acetic
acid/sodium perchlorate buffer. Spectra were recorded at 1.3 and 1.5V applied potentials.
Thick Ru-ITO layer and high content of ruthenium complex make collection of EXAFS spectra
possible. EXAFS analysis was performed only at pH=1. Since EXAFS scans take longer (30
minutes compared to 5 minutes for a XANES scan) and the electrodes’ stability has been tested
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only during several hours, electrodes were replaced every 2-3 hours. Spectra were collected during
electrolysis at 1.5 and 1.7V.
X-ray absorption spectroscopy results
XANES analysis at pH=1
Figure 17 shows XANES spectra obtained from the electrode surface upon application of
increasing potential from 0.4 to 1.7V vs NHE. . The gradual shift in the edge position towards
higher energies indicates that the oxidation state of Ru centers increases compared to Ru II state of
the initial electrode. By comparison with the reference compounds of Ru IV and RuV at 1.25V
applied potential, we concluded that Ru centers at the electrode are present in the Ru IV state. Upon
increase of the potential to 1.5V and above, the edge shifts further and the observations are
consistent with RuV state. It is important to note that a pre-edge feature, typical for known Ru V
complexes (such as reference complex), is not present in XANES from electrode surface.
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Figure 17: XANES spectra obtained from electrode surface at different values of oxidizing
potential. Spectra of known compounds of Ru IV and RuV are shown for reference.
Ruthenium-based molecular catalysts attached to electrode surfaces have been reported to
deactivate via the formation of ruthenium(IV) oxide[28]. To determine whether Ru IV=O forms in
this case, electrode was polarized back to 0.1 V vs NHE after 1.5 hrs of electrolysis at 1.7 V vs
NHE. Ru K-edge recovered to the position characteristic of Ru II species (Figure 18). Also, we
noted that electrodes regain their initial brown color that was previously bleachedt upon oxidation.
Therefore, the formation of ruthenium(IV) oxide can be ruled out in this experiment.
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Figure 18: XANES spectra obtained from the Ru-ITO electrode before and after oxidation (red
and blue curves), and after applying reducing 0.1V potential to an oxidized electrode

XANES analysis at pH=5

Figure 19 shows the comparison of XANES spectra obtained from electrolysis at pH=1 and pH=5.
Edge position of the spectrum at pH=5 is lower in energy than the one for pH=1. This indicates
that the average Ru oxidation state is close to Ru IV , not RuV.. Since the main objective of the
experiment is the characterization of RuV=O species, EXAFS measurements were not performed
at pH=5.
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Figure 19: XANES spectra obtained from Ru-ITO electrode during electrolysis at pH=5 (1.3 or
1.5V) and pH=1 (1.5 or 1.7V)

EXAFS analysis
Figure 20 shows Fourier-transformed EXAFS spectra of the Ru(bda) complex before and after
oxidation at 1.7V vs NHE, pH=1. There are two major changes in FT EXAFS upon oxidation. The
peak corresponding to the first coordination sphere is significantly shifted, which indicates changes
in the interatomic distances between ruthenium and nearest neighbor(s). The peak corresponding
to the second coordination shell decreases greatly in intensity. This can be explained by significant
changes in ligand environment (i.e. ligand loss), which is unlikely, or by increased disorder of the
second coordination sphere.
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Figure 20: FT EXAFS spectra of electrode before and after electrolysis at 1.7V

To gain quantitative information from EXAFS spectra, they were fitted using models obtained
with density functional theory (DFT) simulations and a previously known crystal structure of
initial complex. The results are summarized in Table 2. In the initial complex, ruthenium center is
surrounded by four nitrogen and two oxygen atoms in the first coordination sphere and ten carbon
atoms in the second one. A good agreement with measured spectrum was obtained by placing six
nitrogen atoms in the first sphere (at 2.0A) and ten carbon atoms in the second (at 3.0A) sphere.
EXAFS technique is not sensitive enough to distinguish oxygen and nitrogen atoms since their
masses are similar. The shift of the first peak upon oxidation is well described by adding a Ru-O
backscatter at short (1.7A) distance. The Ru-O distance obtained from the fits was 1.75Å, which
is consistent with the length of the RuV=O bond.
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Table 2: EXAFS fits for Ru-ITO electrode before and after oxidation. N is coordination number,
R is the distance between ruthenium center and scattering atom, σ 2 is the Debye-Waller factor.
Fit

Shell, N

R, Å

2 (10-3)

R-factor

Reduced -squared

Electrode before applying potential
k-space: 3.86-13.3 Å-1
1

Ru-N, 6

2.09

9.0

0.112

11123

2

Ru-N, 6

2.09

7.9

0.027

3691

Ru-C, 10

2.97

12.1

Ru-N, 6

2.09

8.0

0.0097

1591

Ru-C, 8

2.97

7.4

Ru-C, 2

3.0=19

7.4

3

Electrode during electrolysis at 1.7V, pH=1
k-space: 3.86-11.83 Å-1
4

Ru-N, 6

2.06

6.4

0.0733

5212

5

Ru-N, 6

2.04

5.5

0.0308

3062

Ru-C, 10

2.95

16.4

Ru-O, 1

1.75

1.0

0.0009

109

Ru-N, 6

2.13

9.8

Ru-C, 10

3.13

21.1

6

Discussion
Results of in situ XANES spectroscopy at pH=1 show that under water oxidation conditions
(>1.5V applied potential), ruthenium centers are present in RuV state. RuV intermediates have been
observed in catalytically active ruthenium-based dimers (such as “blue dimer”)[29] and in one
single-site complex: [Ru(bpy)2(OH2)2]2+[30]. It has been hypothesized for a long time that other
single-site complexes, such as [Ru(tpy)(bpy)OH2]2+ and its derivatives also function via formation
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of RuV=O species[9]. However, the RuV intermediate has never been detected or characterized in
situ with spectroscopic methods[24].
EXAFS analysis provided more detailed information about interatomic distances in the complex
before and after oxidation. In the initial Ru-ITO, the Ru-N distance is similar to one as in the
previously reported structure of a similar [Ru(bda)(pic)2]+ complex [27]. The splitting of the first
shell into four nitrogen and two oxygen scatters does not improve fit. This is because EXAFS is
not sensitive enough to distinguish between oxygen and nitrogen atoms.
At first the data obtained in situ from electrode under 1.7V potential were fitted using the same
model as for electrode before oxidation (6 Ru-N scatters in the first shell and 10 Ru-C scatters in
the second). However, the addition of a short Ru-O scatter at 1.7Å was needed to achieve an
acceptable quality of fit. Upon addition the R-factor has decreased from 0.0308 to 0.0009 and χ 2
decreased from 3062 to 109. A bond length of 1.75Å was obtained for Ru=O bond. It is longer
than previously reported distances for RuV=O for “blue dimer” and RuV reference complex.
However, it is longer than a 1.80 Å distance typical for the Ru IV=O bond.
Note that 6-coordinate RuV compounds, such as stable complex used as RuV reference, typically
have a pre-edge feature caused by a forbidden 1s→4d electron transition that becomes allowed
due to mixing of ruthenium 4d and oxygen 2p orbitals. The absence of this feature in spectrum
obtained from the sample is explained by longer Ru V=O bond, which results in a smaller degree
of orbital mixing, and therefore lower intensity of pre-edge feature.
At pH=5, no RuV intermediate is observed. It is likely due to the fact that the rate of water
oxidation reaction increases with pH, and RuV intermediate is more reactive and cannot be
detected due to its transient character.
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Electron Paramagnetic Resonance studies
To further confirm the formation of RuV=O intermediate, EPR measurements were performed on
Ru-ITO electrodes shortly after electrolysis at 1.7V. While X-ray absorption spectroscopy probes
average state of ruthenium atoms in the sample, EPR technique is more sensitive. XANES spectra
of RuIV and RuV are very similar (the only difference is the edge shift of a few eV), while EPR can
clearly distinguish between RuV possesses narrow EPR signal while Ru IV species which give no
EPR signal at all. Experimental details
Measuring EPR of an unstable intermediate anchored to an electrode surface is very challenging
since the sample must be placed in a thin quartz tube. In this case, sample is anchored to porous
ITO layer on a 1x2cm glass slide. To prepare samples for EPR studies, the following procedure
was used:
1. The same electrochemical cell was assembled as for X-ray experiments (Ag/AgCl
reference electrode, Pt auxiliary electrode) and filled with 10 ml of 0.1M HNO 3 (for pH=1)
or 0.1M acetate buffer (pH=5).
2. Potential was applied for 15 minutes.
3. The working Ru/ITO electrode was transferred to liquid nitrogen
4. Frozen electrode surface was drop coated with ~200ul of corresponding electrolyte and
kept in liquid nitrogen for approx. 1 minute
5. Frozen electrolyte was detached from the electrode along with Ru-ITO layer and thawed.
6. The liquid was quickly transferred into EPR tube and frozen in liquid nitrogen. The time
between thawing and freezing of the EPR sample did not exceed 1 minute.
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Spectra were measured at different power levels in order to find the power dependence and to
avoid signal saturation. After the optimal power was determined, measurements at the variable
temperatures were also performed.
To test the stability of the intermediates, the sample tubes were thawed after measurements and
left at room temperature for 2 minutes. Then they were frozen, and the EPR spectra were collected
again.
Since the intensity of the EPR signal is proportional to the number of species with unpaired
electrons, the comparison of intensities for different samples was not possible. Due to the
experimental setup, the amount of the catalyst that was put in EPR tube could not be controlled
during preparation of the sample.
Results
Figure 21 shows EPR spectra obtained from Ru-ITO electrodes after electrolysis at applied
potentials of 0.9 and 1.7V vs NHE at pH=1, measured at maximum microwave power (31mW)
and sample temperature of 20K. Since indium-tin oxide may also have EPR-active species,
electrode containing no catalyst was also oxidized at 1.7V and the resulting EPR spectrum was
recorded as a negative control. Spectrum obtained at 0.9V contains one wide, rhombic, slightly
broadened signal with g-tensor gxx=2.30, gyy=2.18 and gzz=1.83. At 1.7V this signal is also
present, and a new rhombic, narrow signal appears with g-factors gxx=2.07, gyy=2.00 and
unresolved gzz component, possibly obscured by another signal at ~1.9.
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Figure 21: EPR spectra obtained from electrode after 15 min of electrolysis at 0.9V (blue) and
1.7V (red), pH=1. Spectrum obtained after electrolysis using indium-tin oxide electrode (without
ruthenium complex) is shown for reference.
The isotropic signal near g~1.9 is present in ITO electrode with no catalyst in it and thus originates
from the EPR-active species in indium tin oxide.

Figure 22: EPR spectra obtained before and after thawing sample electrolyzed at 0.9V, pH=1 and
keeping it at room temperature for 2 minutes
To investigate the stability of the species that generate two signals, both samples were thawed and
kept at room temperature for 2 minutes. Then, they were frozen, and their spectra were recorded
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again. Figure 22 shows the spectra of the sample electrolyzed at 0.9V. There are no significant
changes in the spectrum except for the slight increase in the signal intensity.

In contrast, the changes in the spectrum obtained from 1.7V sample are significant. The narrow
signal disappears completely after 2 minutes, and the intensity of the wide signal increases
significantly (figure 23).

Figure 23: EPR spectra obtained before and after thawing 1.7V sample and keeping it at room
temperature for 2 minutes
Measurements at pH=5 were more challenging because of low intensity of the signals that these
samples produced, possible due to higher reactivity of the catalyst at this pH. Figure 24 shows a
spectrum obtained after electrolysis at 1.5V. It has the same narrow signal as 1.7V at pH=1 had
with gxx=2.07, gyy=2.00, and an isotropic signal from ITO.
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Figure 24: EPR spectrum of sample obtained after electrolysis at 1.5V, pH=5

Discussion
Under various conditions studied here, only two signals from the catalyst are observed. One has
more anisotropic g-tensor gxx=2.30, gyy=2.18, gzz=1.84 Ruthenium(III) complexes with
polypyridyl ligands containing only nitrogen donor groups have more anisotropic g-tensors (for
example, [RuIII(tpy)(bpy)OH2]3+ has gxx=2.60, gyy=2.40, gzz=1.66). However, it has been shown
that introduction of an oxygen atom into the primary coordination sphere of a similar ligand leads
to a less anisotropic g-tensor due to the larger delocalization of spin density onto the ligand. For
example, [RuIII(NPM-NO,NO)(4-pic)2]3+ has almost the same g-tensor (2.30, 2.18, 1.83). as
Another complex with RuIII(bpy)2(bpyNO) with (2.30, 2.20, 1.85) [31]. Therefore, we can assign
signal with gxx=2.30, gyy=2.18, gzz=1.84 to [RuIII(bda)(isoq)2]3+. This assignment is also
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supported by the fact that the EPR signal appears during electrolysis at 0.9V vs NHE. XANES
spectrum recorded at 0.9V corresponds to an average Ru III oxidation state of the sample.
Another signal has a narrow width with a less anisotropic g-tensor (gxx=2.07, gyy=2.00 and
unresolved gzz), which is present only in the samples electrolyzed at 1.7V (pH=1) and 1.5V
(pH=5). Given that RuIV has spin 1 (S=1) which is EPR-silent, the only remaining assignment for
this signal is [RuV=O(bda)(isoq)2]+. There are very few EPR spectra of RuV species reported;
however, all of them have narrow g-tensors with g-factors very close to 2. Examples include the
reference RuV compound (2.08, 1.98, 1.91)[32] and cis-[RuV(bpy)2(O)(OH)]2+ (2.05, 1.99,
1.85)[30].
While X-ray absorption spectroscopy results show that the sample is at Ru V state at 1.7V potential,
EPR spectrum for 1.7V sample demonstrates signals corresponding to both Ru V and RuIII. The
presence of RuIII might be due to the sample preparation procedure. Since the samples have been
thawed before placement in EPR tube, short-lived RuV species might have been partially
converted into RuIII species.

Conclusions
Immobilization of the [Ru(bda)(isoq)2] complex on an electrode surface allowed to stabilize
catalytic intermediate, which was never detected in solution due to its high reactivity and the
formation of dimers. Porous and thick layer of indium-tin oxide allowed to anchor a large number
of RuII molecules, thus making possible EXAFS characterization. Both in situ X-ray absorption
and ex situ EPR spectroscopies demonstrated that a 7-coordinate [Ru V=O(bda)(isoq)2]+ is formed
at water oxidation conditions. Ru V=O bond length was found to be 1.75Å.
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